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ABSTRACT
The impact of resolution on wind predictions within regions of complex coastal geometry is evaluated using a quadruple
nest of COAMPS™ (27km-to-1km) to find an optimal configuration of spatial and temporal resolution. Two regions,
Turkish Straits System and Chesapeake Bay, are selected because of their diverse coastal environments, the availability
of wind observations and to determine if the relationships between resolution and wind prediction accuracy would be
valid for geographically different regions. The coarse resolution model successfully simulates the general trend of the
surface wind variation, but cannot capture peak events accurately. Increased spatial resolution results in more accurate
wind predictions. The coastline representation and land features impact friction over land and blocking of the winds and
affect accuracy of wind predictions. 27-km resolution products lack important details over coastal waters and are not
adequate to force high resolution ocean models. No evident improvement in accuracy is observed when increasing the
resolution from 3-km to 1-km. An increase in frequency of the wind records from 3-hourly to hourly is required to
capture frontal events with strong wind speeds and sharp gradients. Our analysis for both regions suggests the use of
hourly atmospheric products at 3-km resolution for oceanic forcing purposes.
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1. INTRODUCTION
Winds can be quite influential on the dynamics in coastal oceans and seas. Thus, modeling the atmospheric dynamics
over semi-enclosed basins and in locations where topography and geometry strongly affect the atmospheric flow is
important for ocean modeling. Ocean models are generally forced with atmospheric forcing created from atmospheric
model predictions. However, most operational atmospheric models produce forecast products that are of coarser spatial
resolution with respect to ocean model grids (Radnoti et al., 1995; Hodur, 1997; Michalakes et al., 1998; Majewsky,
1998). The coarse resolution may lead to the omission or misrepresentation of important land features such as valleys,
straits, or islands, and may also prevent the atmospheric models from accurately representing the smaller scale
dynamics actually present in the atmosphere. Local wind events that largely influence near-coastal ocean circulation are
expected to depend on these smaller scale atmospheric dynamics. Advancements in the speed of available
computational resources allow oceanographers and coastal engineers to push the limits of applicability of their coastal
models by increasing spatial resolution and temporal frequency. This, in turn, enables researchers to simulate more
challenging environments, where complex geometries and convoluted coastlines are integral to both the atmospheric
and oceanic response in the region. This interplay between atmospheric and oceanic dynamics, resolution, and
computational cost emphasizes the importance of finding an optimum resolution in the atmospheric forcing for both
computational efficiency and model accuracy.
The spatial resolution and temporal frequency of atmospheric predictions play an important role in the ability of an
ocean model to capture pertinent ocean dynamics. Cavaleri and Bertotti (2006) showed that an increase in the
resolution of the meteorological model from 188 km to 25 km brought predicted winds closer to the measured data
because of an improved description of the coastline and orography bordering the sea, but, the model still
underestimated and failed to properly capture the peak winds associated with storm events. Zampato et al. (2007)
reported similar results in the Adriatic Sea when the resolution of meteorological fields increased from 25 km to 7 km. At
the coarse resolution, relatively smooth winds severely underestimated wind speeds while higher resolution winds
reproduced observed wind fields with better structure and intensity. The work of Zampato et al. (2007) reinforced that
winds are modulated due to orography of the Dinaric Alps over Croatia. Lebeaupin-Brossier et al. (2011) demonstrated
that increasing the resolution from 20 km to 6.7 km in the north-west Mediterranean Sea resulted in higher wind stress
values, especially near coasts and wind corridors. The use of higher frequency atmospheric forcing (3-hr) allowed
resolution of the diurnal cycle and resulting intense wind gusts.
Recent studies have investigated the impact of even higher spatial and temporal resolutions on model predictions.
Pullen et al. (2003) found that a higher spatial resolution (4-km) atmospheric model produced wind velocity results with
smaller RMS errors, but, is not superior to the coarse resolution (36-km) model when correlations are compared at
stations in the Adriatic Sea. Signell et al. (2005) assessed the quality of surface winds and their influence on wave
prediction in the Adriatic Sea by analyzing four different meteorological models at different spatial resolutions ranging
from 40-km to 4-km. Significantly stronger and more accurate wind speeds resulted from the higher resolution
atmospheric models. Similar to the findings of Pullen et al. (2003), Signell et al. (2005) demonstrated that the coarse
atmospheric model had the best correlation of the winds to observations, a result which was attributed to the fact that
the coarse winds are smoother and have less “noise”. Dong et al. (2010) studied a synoptic upwelling event in the
Southern California Bight and investigated the sensitivity of the ocean model to wind resolution. They compared the
atmospheric predictions as resolution increased and concluded that the model results for alongshore wind stress and
wind curl approached saturation as resolution increased from 6-km to 2-km.
Specific studies on the effects of wind channeling and gap winds in geometrically and topographically complex regions,
such as the Hawaiian islands (Zhang et al., 2006), the Cook Strait region in New Zealand (Reid, 1996), the Shelikof Strait
region in Alaska (Lackman and Overland, 1989), and Howe Sound in British Columbia (Jackson and Steyn, 1994),
emphasized the importance of enhancing the model grid resolution to accurately capture such events. Grids having

resolutions of at least 3-km were shown to resolve complex coastlines and major terrain features that are necessary to
capture small-scale events like gap winds in the model solution.
Temporal resolution is as significant as spatial resolution for capturing fast-moving, short-lived events such as storm
fronts in atmospheric predictions. Models of high spatial resolution show high frequency variability of wind fields that
are characterized by a more detailed, temporally variable structure. Klaic et al. (2011) compared coarse resolution, 6hrly ECMWF model winds with higher resolution, 3-hrly ALADIN model winds. The conclusion was that low and high
temporal resolution model results were of comparable magnitude, with the latter exhibiting fine structures while the
former resulted in more homogeneous wind fields over the entire Adriatic domain.
Some of the earlier studies focusing on the impact of atmospheric forcing on the performance of coastal ocean models
(i.e. Signell et al., 2005) have neglected to isolate the effect of spatial resolution alone, since comparisons were made
using results from multiple atmospheric models, such as a coarse regional model versus a fine-scale limited-area model
where each model had different physics, parameterizations, and numerics in addition to resolution differences. In this
study, we investigate the effect of spatial resolution by comparing results from the same atmospheric model, the only
differences being the resolution of the computational grid. The computed atmospheric winds are compared to multiple
independent in-situ observations collected at meteorological stations around the coast in order to better quantify the
predictive skill of the atmospheric model, to evaluate its overall performance, and to potentially identify an optimal
resolution for atmospheric predictions.
Even if many studies show the advantage of enhancing spatial resolution, the importance of and the dependence on
coastline geometry and orography is region-dependent, and as such, so are the benefits obtained from higher spatial
resolution wind fields. Furthermore, increasing the resolution beyond a certain threshold may not always be
advantageous considering accuracy (Mass et al., 2002) and also the need for more computational power. Besides, the
implied physics contained with the atmospheric model may no longer be applicable beyond a certain level of spatial
resolution.
Most earlier studies investigated the impact of atmospheric forcing resolution on oceanic predictions, and most only
briefly assessed performance of the atmospheric model itself and the impact of resolution on atmospheric predictions,
used to create the atmospheric forcing products. The motivation of this study is to provide a detailed analysis of wind
field predictions at varying resolutions to understand the impact of resolution in atmospheric predictions over the
coastal ocean. We aim to determine if atmospheric predictions converge as the resolution increases and determine if
there is an optimal resolution that maximizes accuracy.
This study examines the impact of spatial and temporal resolution of an atmospheric model’s wind field predictions over
two coastal regions, each selected for their diversity, complexity, and the availability of wind observations, the Turkish
Straits System (TSS) and the coastal area identified by the Chesapeake Bay, MD. Similar atmospheric predictions were
used to force the ocean models for both regions (Blain et al. 2009; Blain et al. 2012). The TSS region has complex
shorelines that influence the oceanographic response, while circulation in the region surrounding Chesapeake Bay is
significantly influenced by intense daily/weekly frontal passages. The reason for studying multiple regions is to
understand if the findings on the impact of resolution on wind predictions are region-dependent or not. Since the
coastal ocean dynamics in each region is strongly influenced by atmospheric events, the quality of the atmospheric
predictions used as forcing may be considered crucial for obtaining more accurate oceanic predictions.
Initially, we assess the performance and accuracy of an atmospheric model’s operational product by comparing its wind
predictions to the measurements from meteorological stations. Additionally, triple and quadruple-nested configurations
of the atmospheric model are then applied to evaluate the impact of increasing spatial resolution. Model-data
comparisons not only consider bulk statistics, but, also examine details, such as the coastline representation of each
modeling system, in order to better understand the reasons for change in the wind predictions over coastal waters. We

also investigate the impact of using high spatial resolution winds at higher frequencies to quantify the impact and
importance of temporal resolution over coastal waters.
Descriptions of the atmospheric model and its configuration, as applied, along with details of application areas are
presented in Section 2. Section 3 addresses the effect of spatial and temporal resolution for application over the Turkish
Straits System followed by an analysis over the Chesapeake Bay region. The final section summarizes the findings and
provides conclusions.

2. MODEL CONFIGURATION and OBSERVATIONS
2.1. Numerical Model Description
In this study, the atmospheric model component of the Coupled Ocean Atmosphere Mesoscale Prediction System
(COAMPS™) is used alone. COAMPS™ is a three-dimensional data assimilative model system comprised of data quality
control, analysis, initialization, and forecast model components (Hodur, 1997; Allard et al., 2010). COAMPS is based on
the nonhydrostatic, fully compressible equations of motion; the nonhydrostatic form is necessary for resolutions less
than 10 km because of the greater influence of vertical acceleration (Chen et al., 2003). The model also uses advanced
parameterizations for moist physics, radiation and boundary layer processes (Hodur et al., 2001). COAMPS uses a level
2.5 scheme (Mellor and Yamada, 1982) that solves a prognostic equation for Turbulent Kinetic Energy (TKE) and a
diagnostic equation for second-moment quantities (Chen et al., 2003). COAMPS is comparable in dynamics to other
high-resolution mesoscale atmospheric models, such as Weather Research and Forecasting, WRF (Jancic, 2003), and
fifth-generation Mesoscale Model, MM5 (Grell et al., 1994), which may have variants in their physics parameterizations.
The US Navy uses COAMPS operationally for daily atmospheric predictions in its own right, as well as to supply surface
forcing to various coastal ocean models such as the Navy Coastal Ocean Model, NCOM, the Advanced Circulation Model,
ADCIRC, and DELFT3D. The selection of COAMPS for this study is of interest to the US Navy and others relying on this
prediction system.
The starting point for our analyses is the operational computational grids for the Europe and Western Atlantic regions;
COAMPS-Europe and COAMPS-Western Atlantic, i.e. the computational grids that include the TSS and Chesapeake Bay
regions, respectively. The COAMPS-Europe domain extends from North Africa to Scandinavia and from the Atlantic
Ocean to the Eastern Black Sea, with 276 longitudinal and 151 latitudinal grid points separated by a uniform 0.2o
distance on a spherical projection. The COAMPS-Europe domain encompasses the Turkish Straits System area and has
been producing at least 6-hourly operational predictions since 2002. The COAMPS-Western Atlantic domain extends
from Central Cuba to Northern Canada and from the Central United States to Eastern Canada, with 191 longitudinal and
176 latitudinal grid points separated by a uniform 0.2o resolution on a spherical projection. The operational COAMPS
model forecasts atmospheric fields for Europe and the entire Western Atlantic domains on a coarse, 27-km (0.2o)
resolution grid for 72-hr periods, keeping the computational costs and storage requirements low. The forecasts are
started daily and produce results every 3 hours. An MVOI (Multi-variate optimal interpolation) analysis is done at the
beginning of each 72-hr forecast to assimilate available data (Cummings, 2005).
To study the impact of spatial resolution, we have created a multiply-nested COAMPS grid in which the parent grid has a
resolution of 27-km, matching that of the operational-regional domains; the intermediate grids have resolutions of 9
and 3-km, and the finest grid has a high resolution of 1-km. All four grids are composed of structured cells with uniform
spacing between computational grid points. The model surface topography is generated from a 1-km terrain dataset.
The terrestrial features are refined as the grid refines until reaching the resolution of the background topography field
(Chen et al., 2003). The boundary conditions for the 27-km parent grid come from the 0.5˚ solution of Navy Operational
Global Atmospheric Prediction System, NOGAPS (Bayler and Lewit, 1992). The model solves for each grid consecutively

starting from the outer nest so that boundary conditions may be provided to the next inner nest. COAMPS uses a 3:1
reduction in horizontal resolution, and parent boundary points always coincide with every third child point. The
boundary information from the parent nests are transferred to the child nests at every time step of the parent nest. A
blend zone near the boundary of the fine (child) grid is also specified over which the coarse(parent) grid solution is
horizontally interpolated onto the fine mesh points of the child grid (Chen et al., 2003). Figure 1(a) shows the grid
boundaries for the Turkish Straits System application. An analogous quadruple-nested COAMPS model was configured
for the Chesapeake Bay region as shown in Figure 1(b). The multiply-nested COAMPS model produces results for each
grid, at every hour during the simulations. The quadruple nested model simulations are computationally intensive,
therefore the 1-km nest is only included for short term simulations on the order of weeks, while a triple nested version
without the 1-km nest is used for longer term simulations on the order of months.
2.2. Regions of Interest
The Turkish Straits System is composed of the Bosphorus (İstanbul) and Dardanelles (Çanakkale) straits which connect
the Aegean, Marmara and Black Seas. Both straits are long, narrow, and shallow with the Marmara Sea situated in
between, covering an area approximately 240 km in length and 70 km in width. The Bosphorus Strait is a 31 km long and
0.7-3.5 km wide strait with a mean depth of 35 m, and the Dardanelles Strait has a length of 62 km and a width of 1.2-7
km with a mean depth of 55 m. Winds over the system are an important modifier of the flow dynamics, even if the
dominant multi-layer flow is driven by density differences between the Aegean Sea and the Black Sea (Unluata et al.,
1991). Chiggiato et al. (2011) has recently shown that wind curl plays an important role in the surface dynamics and
circulation over the Marmara Sea. When the winds are aligned with the axis of the strait, blocking of the surface Black
Sea water or the deep Mediterranean water flow occur (Latif et al., 1991). Therefore, predicting the winds accurately so
as to produce realistic atmospheric forcing is crucial for accurate predictions of the ocean dynamics in the area.
The climate of the Turkish Straits System also plays a significant role in controlling the dynamics over the area. Etesian
(northwesterly), Bora (northeasterly), Sirocco (southeasterly), and northerly winds during cold outbreaks, as well as
cyclonic activity are the main regional atmospheric events over the area (Brody and Nestor, 1980). The local
southwesterly winds also become strong for short periods. The Etesian is a northerly to northwesterly wind that prevails
from May through October; it usually results from a relatively warm pressure area over the Red Sea region in southeast
Asia and a relatively cool high pressure area over the Mediterranean and Eastern Europe. Cold air, anti-cyclogenesis,
following frontal passages, may also cause Etesian winds. Cyclonic systems continuously pass over the TSS in winter
months, while northeast winds coming over the Black Sea are frequent in summer months. Bora is less common over the
Aegean Sea, but may occur in winter months with strong northerly to northeasterly winds passing through the
Dardanelles strait. The southerly and southeasterly Sirocco winds, originating over North Africa, may extend over the
Turkish Straits System especially during the cooler months of November through April. Finally, cyclogenesis over the
area occurs during autumn and winter months, i.e. with Ionian Sea cyclones originating over the Gulf of Genoa moving
east towards the Aegean Sea and possibly northeast towards the Black Sea. Cyclogenesis events associated with low
pressure system disturbances passing over the Turkish Strait System may cause strong, hurricane-like winds (Trigo et al.,
2002). Such an event occurred, most recently in November 2008, due to strong winds and very cold air masses, causing
serious economic damage in the countries of the area.
The mountains over western Turkey, eastern Greece, and on numerous mountainous islands across the Aegean Sea are
among the topographical features that impact the atmospheric dynamics and wind fields of the area (Brody and Nestor,
1980). The complex features in the region create channeling of air flow by coastal valleys and between islands. It is
challenging to model the atmospheric dynamics in the region, not only because the Marmara Sea is such a small basin,
but, also because both straits are very narrow and difficult to resolve in numerical models (Unluata et al., 1991). The
wind stress over water is generally stronger than the wind stress experienced over land since those winds are subject to

weakening by frictional effects; this change in wind stress becomes important at the land-sea interface in the coastal
waters.
The second study region, the Chesapeake Bay, is the largest estuary in the United States, and, one of the largest in the
world with an approximate length of 300 km. Major rivers pour into Chesapeake Bay and most tributaries have complex
shorelines with more than 18,500 km of total length. Larger tributaries are on the western coast of the Bay, i.e. James
River, York River, Rappahannock River, and Potomac River, entering the Chesapeake Bay with 8, 4, 6 and 11 km widths.
The Potomac has an average width of 500 m, and all rivers are narrower than 1-km upstream making it difficult to
capture their inland detail. The Chesapeake Bay entrance is about 18 km wide and may be considered an ocean strait
much wider than the Bosphorus and Dardanelles straits. Blain et al. (2012) studied the Chesapeake Bay focusing on the
area at the entrance of the Bay and found that coastal ocean forecast errors in current predictions may be attributed
largely to inaccuracies in atmospheric wind predictions. The ocean current predictions in the area were shown to
improve as resolution of the atmospheric forcing was increased from 27-km to 3-km (Blain et al. 2012), clearly
illustrating the importance of accurate wind predictions for improved oceanic predictions.
Chesapeake Bay follows the climate of the Western North Atlantic ocean. Over Chesapeake Bay, seasonal winds
influence the density-driven estuarine circulation of the Bay, such that northerly winds strengthen the circulation while
southerly winds weaken it (Goodrich and Blumberg, 1991; Guo and Valle-Levinson, 2008). Furthermore, Chesapeake Bay
is frequently subjected to strong winds associated with frontal passages, hurricanes, and Nor’easters. Thunderstorms
with strong winds occur throughout the year especially in spring and early summer months. Hurricanes are frequent in
warm seasons and Nor’easters, often associated with a coastal frontal boundary, are frequent during cold winter
months. The mountainous, Western Maryland slopes down to the coastal plains of Chesapeake Bay, Eastern Maryland
also has diverse weather patterns including downslope warming patterns and sea breezes.
2.3. Observations
We assess the performance of the atmospheric operational products over the Turkish Straits System through a
comparison with hourly wind field measurements, collected at stationary meteorological stations, owned and
maintained by The Turkish State Meteorological Service, around the Marmara Sea between September 2008 and March
2009 (Source: Drs. Mikdat Kadioglu of Istanbul Technical University, Istanbul, Turkey and Ewa Jarosz of the Naval
Research Laboratory, Stennis Space Center, MS, USA). Location of the measurement stations are shown in Figure 2.
Most of the meteorological stations are close to the coast including two on islands in the Aegean Sea. The complex
geography and mountainous orography around the meteorological stations are expected to influence the winds through
effects such as channeling, blocking, and land friction. The data collected at these stations has not been assimilated into
the model, therefore model-data comparisons with these independent data enables an unbiased assessment of the
model performance.
For Chesapeake Bay, COAMPS predictions are compared to the hourly measurements collected at 16 meteorological
stations owned and maintained by NOAA’s National Ocean Service in June 2010. All measurement locations are coastal
stations close to the coastline as shown in Figure 3. Half of the stations are located around the Chesapeake Bay mouth
area, while a couple of stations are located south of Chesapeake Bay on barrier islands of the East Coast of US in the
Atlantic Ocean, and the rest of the stations are located farther upstream in the Bay. A few of the stations are located
inland on major tributaries of the Chesapeake Bay. Most tributaries of Chesapeake Bay have complex coastlines that
make modeling both the ocean and atmosphere challenging in this region.

3. RESULTS AND DISCUSSION
The analysis and discussion for both geographic areas of the Turkish Straits System and Chesapeake Bay will include
model-data comparisons of wind speed and wind direction. First examined is the current operational capability of
COAMPS for predicting wind magnitudes over the Turkish Straits System. Subsequently, an analysis assessing the impact
of enhancing the spatial and temporal grid resolution on predicted wind magnitude and direction is presented. A similar
analysis follows for the Chesapeake Bay region.
3.1. APPLICATION TO THE TURKISH STRAITS SYSTEM
3.1.1. Performance of the operational atmospheric model
A strong cyclogenesis storm system developed in northeastern Europe and moved over the entire Turkish Straits System
(TSS) in late November 2008. As a result, the atmospheric pressure over the TSS suddenly dropped by more than 30
mbar (in less than 48 hours) on November 21, 2008, and then returned to normal atmospheric pressure conditions over
the next 48 hours (Book et al. 2014). Figure 4 shows the measured wind speeds recorded at meteorological stations
across the Turkish Straits System and the wind speed predictions by the 27-km operational COAMPS in November, 2008.
A 36-hr box-filter is applied to both the model results and the measurements in order to smooth instantaneous highfrequency peaks. The reason for using the window averaging is to filter the semi-diurnal and diurnal changes such as
sea-breeze, and focus on lower frequency winds associated with larger-scale weather systems. Each panel shows the
filtered, wind-speed time-series for the measurements (black) and the model results at the closest computational grid
point (green). By choosing results at the closest grid point, interpolation errors that could result by using computational
points that lie over both land and water are eliminated. It is known that all measurement stations are located close to
the shoreline and that winds over land versus those over water are considerably different. The stations on the coast of
the Aegean Sea and Dardanelles Strait are shown from south to north (left to right) in the top row of Figure 4. The
stations on the eastern side of the Marmara Sea and around the Bosphorus Strait are shown from south to north (left to
right) in the middle row, and the stations on the Black Sea coast are shown from south to north (left to right) in the
bottom row, both in Figure 4.
Unlike some of the earlier studies mentioned in the Introduction, the coarse-resolution (27-km) operational model
results generally overpredict the wind speed at most stations. The temporal variations of modeled wind speeds are
similar to the measurements, and wind events that cause local maximum winds are reproduced by the model at all
stations. The major storm passage over the area is indicated by a strong peak in the measurements at all stations during
the last week of the month, on the 23rd of November. The model results most accurately capture the strength of this
peak wind event at Kumköy (KUM) while mainly overestimating that peak wind speed at most other stations.
Mean statistics are calculated for the 27-km operational wind predictions from September, 2008 to April, 2009. Root
mean square errors (RMSE) for the 7-month long simulation are calculated at each station, labeled “Raw Data” in Table
1, as well as a regional mean for all 13 stations. Filtering of the data using two different averaging window lengths, 36-hr
and 12-hr, is also applied. Errors for each set of filtered data along with the corresponding skill scores are also presented
in Table 1. Skill score (SS) is calculated as follows (Emery and Thompson, 2001):
SS = 1 - (RMSEnew/RMSEref)

(1)

in which RMSEref and RMSEnew are the Root Mean Square Errors of the solution for the reference model configuration
(i.e. 27-km grid resolution) and the solution with the new model configuration (i.e. 3-km grid resolution), respectively. If
Root Mean Square Errors for new model configurations are close to that of the reference model configuration, the skill
score will approach 0. If the Root Mean Square Error for the new model configuration (RMSEnew) is significantly smaller

than that of the reference model configuration (RMSEref), the skill score will be closer to 1. As a result, new model
solutions having the least Root Mean Square Error will have the highest Skill Scores.
In examining the results presented in Table 1, the coarse resolution operational model better predicts lower frequency
winds as evidenced by a smaller model RMSE (and higher Skill Score) at all 13 stations when the measured data is
filtered. The average of the Root Mean Square Errors at all 13 stations is 3.03 m/s for the unfiltered (raw) model-data
comparisons. The mean RMSE is 13% smaller when the 12-hr averaging window is used, and 22% smaller when a 36-hr
averaging window is used. The model RMSE is higher for unfiltered data because the model is not able to reproduce all
of the short-lived, higher-frequency wind events. Therefore, the Skill Scores of the filtered model results are higher; the
highest model Skill Scores are achieved using the 36-hr filter, which removes even more of the smaller scale temporal
variability. The magnitude of RMSEs when compared to filtered data (larger RMSE indicates more overprediction in this
case) correlates well with the level of overprediction in wind magnitude shown in Figure 4.
Table 1 reveals that the mean (7-month) RMSE at stations close to the Aegean Sea (Stations 1 through 4) are higher than
the regional mean RMSE. In contrast, the mean RMSE at stations close to the Black Sea (Stations 10 through 13) are
smaller. The errors at stations around Marmara Sea (Stations 5 through 9) are closest to the regional mean RMSE. Larger
mean RMSE may be associated with the inability of the 27-km coarse resolution to resolve important land and coastline
features which are more prevalent in the Aegean Sea as opposed to the Black Sea (See Figure 5a). Aegean Sea stations,
Gökçeada (GOK) and Bozcaada (BOZ), are located on islands, and Çeşme (CES) is located on a peninsula, as shown in
Figure 2. None of those geographic features are resolved by the coarse grid resolution leading to the absence of
important atmospheric dynamical mechanisms such as wind blocking and land friction. As a result, larger errors are
produced and winds are mainly overpredicted at those stations. Çanakkale (CAN) is close to the Aegean Sea, but located
further inland with a better representation of the land mass at that location, which results in mean RMSEs at Çanakkale
that are smaller compared to the other stations in the Aegean Sea group.
The mean RMSEs at Florya (FLO) and Kireçburnu (KIR), located close to the Bosphorus Strait, and at Çınarcık(CIN) in the
far eastern Marmara Sea, are higher than the mean RMSEs, because the coarse resolution grid is unable to accurately
represent the peninsulas on the eastern and western sides of Bosphorus and in the eastern Marmara Sea. The mean
RMSEs at mainland stations, Kumköy (KUM) and Tekirdağ (TEK), are lower than the regional mean RMSE indicating a
reasonable representation of the winds over land using the 27-km coarse resolution grid. Finally, mean RMSEs at
stations along the coast of Black Sea, Akçakoca (AKC), Zonguldak (ZON) and Amasra (AMA), are lower than the overall
mean RMSE, mainly because the operational model does a better job in representing the strait coastline of the large
Anatolian mainland along the Black Sea. The RMSE’s at Şile (SIL) are the highest in this region because of a failure in
measurement instrument (see Figure 4). A spatial variation observed in the mean station RMSEs for modeled wind
speeds is strongly correlated with the ability of the model grid to resolve coastline and land features.

Table 1. Statistics of unfiltered and filtered wind predictions for the 27-km operational COAMPS-Europe2 model at meteorological
stations in Turkish Straits System from September, 2008 thru March, 2009
Data type

Station

1-Çeşme (CES)
2-Bozcaada (BOZ)
3-Çanakkale (CAN)
4-Gökçeada (GOK)
5-Kumköy (KUM)
6-Çınarcık(CIN)
7-Florya (FLO)
8-Kireçburnu (KIR)
9-Tekirdağ (TEK)
10-Şile (SIL)
11-Akçakoca (AKC)
12-Zonguldak (ZON)
13-Amasra (AMA)
REGIONAL MEAN

RMSE on 36-hr
filtered Data
3.4553
2.1784
1.1717
4.3113
1.3283
2.5828
2.8014
2.6052
2.1140
4.1745
1.8543
1.4380
1.2478
2.3626

SS of 36-hr
filtered Data
0.1121
0.3528
0.4378
0.1238
0.3276
0.1124
0.1205
0.1650
0.2528
0.0838
0.2044
0.3070
0.4674

RMSE on 12-hr
filtered Data
3.6408
2.7274
1.5348
4.6000
1.5932
2.7032
2.9541
2.8337
2.4001
4.3518
2.0283
1.6651
1.6736
2.6432

SS of 12-hr
filtered Data
0.0644
0.1897
0.2635
0.0651
0.1935
0.0710
0.0726
0.0917
0.1516
0.0448
0.1598
0.1976
0.2857

RMSE on
Raw Data
3.8915
3.3659
2.0841
4.9204
1.9754
2.9097
3.1852
3.1198
2.8291
4.5561
2.3308
2.0751
2.3428
3.0294

Monthly RMSE’s for unfiltered, raw data at all stations are shown in Table 2. The absolute maximum (minimum)
monthly RMSE is 5.8 (1.4) m/s. The smallest mean RMSE is observed at an inland station south of the Marmara Sea,
Kumköy (KUM), while the largest RMSE is observed at a station on the island of Gökçeada (GOK) in the Aegean Sea. The
monthly RMSE’s were typically observed to be higher, with values greater than 3 m/s, in stormy winter months, with
stronger winds from November through February, as compared to late autumn and early spring months of September,
October and March.
Model-data comparisons show that the operational atmospheric wind predictions are sufficient in reproducing the
temporal variability of wind speed, but are generally inaccurate in predicting the magnitude of winds. As with the mean
(7-month) RMSE, monthly RMSEs are observed to be consistently larger at those stations on or around the islands and
straits. The size of some of the geometric features of the domain, i.e. straits, islands, etc., are on the order of kilometers,
a scale that is much smaller than the grid resolution of the operational model (27-km). Therefore, the atmospheric
model cannot resolve most of these features, and the lack of such features has a negative influence on the predicted
wind magnitudes. The coarse resolution (27-km) solution has a very crude representation of the coastline, and cannot
resolve either the islands, straits in the Aegean and Marmara Seas, or most peninsulas along the Aegean Sea coast of
Turkey as shown in Figure 5(a).
While most daily-available operational models are at such coarse resolutions, increased resolutions of atmospheric fields
might be required for more accurate wind predictions in such geometrically complex areas. Furthermore, the degree to
which these shoreline complexities are resolved may influence the fidelity of ocean predictions that use such winds as
forcing.

Table 2. Monthly statistics of unfiltered wind predictions of 27-km operational COAMPS-Europe2 predictions at meteorological
stations in Turkish Straits System
Data type

09/2008 10/2008 11/2008 12/2008 01/2009 02/2009 03/2009 7-month
mean
1-Çeşme (CES)
3.7349
3.8002
3.3082
4.1914
4.0061
4.4406
3.7159
3.8915
2-Bozcaada (BOZ)
2.8354
2.6662
3.209
4.0119
3.3044
4.0437
3.3529
3.3659
3-Çanakkale (CAN)
1.4177
1.6309
2.3982
2.0983
2.271
2.3893
2.1955
2.0841
4-Gökçeada (GOK)
4.3546
4.3858
5.4241
5.3015
5.2297
5.6232
3.9781
4.9204
5-Kumköy (KUM)
1.8422
1.6899
1.7033
2.0689
2.1621
2.1037
2.1949
1.9754
6-Çınarcık(CIN)
2.6307
2.6047
3.1813
3.0115
2.9888
2.9616
2.9583
2.9097
7-Florya (FLO)
2.9181
3.077
3.4603
3.3707
3.0972
3.4123
2.9526
3.1852
8-Kireçburnu (KIR)
2.7889
2.6485
3.1453
3.6403
3.1447
3.5369
2.8817
3.1198
9-Tekirdağ (TEK)
2.5169
2.4816
2.7838
3.1294
2.7563
3.2748
2.8322
2.8291
10-Şile (SIL)
3.6922
3.9456
5.823
5.5888
4.2133
4.3658
3.8822
4.5561
11-Akçakoca (AKC)
1.9123
1.6595
2.2669
2.7394
2.6485
2.6605
2.2693
2.3308
12-Zonguldak (ZON) 1.6933
1.8026
1.9414
2.2314
2.4969
2.1489
2.1089
2.0751
13-Amasra (AMA)
2.3767
1.869
2.3164
2.4205
2.7297
2.281
2.3251
2.3428
REGIONAL MEAN
2.6703
2.6355
3.1509
3.3695
3.1576
3.3263
2.8960
3.0294
Station

3.1.2. Impact of Spatial Resolution
A set of simulations using a triple-nested version of COAMPS is run sequentially to cover the 7-month period between
September, 2008 and March, 2009. 72-hr forecasts are initiated every 12 hours and produced twice daily. We use the
first 12-hr forecast (i.e., Hours 0-12) of each individual 72-hr forecast for the analysis and comparisons with the
measurements collected from the 13 stations mentioned in the previous section. Spatial resolutions of the nests are 27,
9 and 3-km, respectively. We later added a finer grid with 1-km resolution to the triple-nested system, creating a
quadruple-nested version of COAMPS; this finest resolution grid is used for a one-month simulation covering the
cyclogenesis event in late November, 2008. The horizontal resolution of the coarsest grid matches the resolution of the
operational grid of the COAMPS-Europe domain analyzed in the previous section. A 1-way interaction, in the direction of
coarsest to finest, is used between nested grids.
Figure 5 shows the COAMPS wind field predictions for each atmospheric model nest on November 22nd, 2008 when the
winds over the Aegean Sea and Black Sea were relatively strong during the 7-month-period, September, 2008 to March,
2009. The winds over land in Figure 5 are masked to focus attention on the winds over water. The 27-km grid provides a
crude coastline, while the 9-km grid provides a slightly improved coastline with more pronounced peninsulas. However
9-km still cannot resolve either the Dardanelles or the Bosphorus straits. Figure 5 shows the drastically improved
representation of the coastline, with the increase in resolution provided by the higher resolution grids of 3-km and 1-km.
Yet even at those resolutions, the narrow Bosphorus Strait cannot be fully resolved.
The main wind direction is towards N-NE over the Aegean, Marmara, and Black Seas at 0Z November 12, 2008 and is
essentially captured very similarly over open waters by all model resolutions, as shown in Figure 5. This is a typical
seasonal, autumn-winter, wind pattern for the area with winds blowing from the SE. Wind magnitude in the inland
Marmara Sea is the weakest for the 27-km solution followed by stronger winds from the 9-km solution as shown in
Figure 5(a). The variation of winds over the Marmara Sea is similar for the higher resolution solutions of 1-km and 3-km.
Those higher resolution products tend to resolve and produce smaller-scale features which are often not included in the
smoother coarse resolution product. Stronger winds are predicted in the Black Sea with increasing horizontal resolution.
Peak wind speeds in the southwestern Black Sea are recorded as 22.96 m/s, 25.38 m/s, 25.42 m/s, and 29.5 m/s for the
27, 9, 3, and 1-km resolution products, respectively. Also, the location of these strongest winds is off the coast at 28.5W

42N for the 1, 3, and 9-km resolution products while the 27-km resolution product has its strongest wind offshore in
deeper waters, which is actually only a local maxima feature captured at all other grid resolutions.
The strongest winds in the Aegean Sea are observed in the east-northeast side of the Samothraki and Gökçeada Islands
(shown in Figures 2 and 6) for all solutions except the 27-km grid. Winds are expected to channel and become stronger
in-between those islands as well as in-between Gökçeada and the northern Dardanelles peninsula. The coarsest, 27-km
resolution grid can neither resolve the islands in the Aegean Sea nor the Northern Dardanelles peninsula, resulting in the
strongest winds found further west where the Samothraki Island would actually be located. The highest peak wind
magnitude of 30.75 m/s is found in the solution for the 1-km resolution product, while the lowest wind speed is 23.97
m/s, associated with the 27-km product. Winds peak at similar strengths, 25.97 and 26.30 m/s, over the 9-km and 3-km
resolution products, respectively.
When winds encounter high mountains over the Aegean islands or mainland, weaker winds and calm zones are
observed over extended distances in the leeward side of mountainous islands, off the peninsulas in the Aegean Sea, and
off the mountainous areas of the mainland along the Black Sea coast. Most of the islands in the Aegean Sea are
mountainous, with higher mountains creating a more pronounced blocking of the winds, which lead to a larger calm
zone. The 27-km coarse resolution can only predict weaker winds off the mainland, as shown in Figure 5(a), because it
does not resolve most of the islands in the Aegean Sea, missing the blocking and frictional effects due to islands’ land
mass. Most of the islands are only crudely resolved at 9-km resolution, as shown in Figure 5(b), which is not sufficient to
predict the weakened winds due to island blocking.
A close-up of the area around the Samothraki and Gökçeada islands in the northern part of the Aegean Sea is shown in
Figure 6. The 9-km resolution grid may only crudely resolve the islands, and unrealistically represents the Dardanelles
strait and Gelibolu peninsula, north of the Dardanelles Strait. The 1-km resolution grid provides the coastline closest to
reality, while the 3-km resolution grid also successfully represents the islands and peninsulas. As the horizontal
resolution of the model increases, the wind predictions for the area better capture the smaller scale dynamics of the
region such as wind blocking and channeling.
The highest mountain over the northern Aegean Sea is Mt. Fengari at the Samothraki Island, peaking at 1611 m. The
mountainous land cover of Samothraki Island creates a considerably large calm zone in the lee of the island due to wind
blocking. This calm zone is clearly seen in the 1-km and 3-km resolution products. The 9-km resolution crudely
introduces the calm zone, but the 27-km resolution solution is too coarse to resolve the width and length of the calm
zone. Most of Gökçeada is also mountainous, though having lower heights than that of Samothraki, but with the highest
peak at 673 m over mean sea level. The northwest corner of the island of Lemnos, which is a mainly flat island, is also
visible in Figure 6. Because of the differences in topography, the pronounced blocking and resulting calm zone predicted
in the leeway side of Samothraki are not observed in the leeway side of the islands of Gökçeada and Lemnos.
The Dardanelles strait lies in-between the Gelibolu and Biga peninsulas, on the northern and southern sides,
respectively. Both of those peninsulas are mountainous with elevations rising up to 1767 m in the Biga peninsula, in the
steep-sloped mountainous region between Marmara and Aegean Seas (Kantarci, 2011). Stronger winds are observed to
be channeling in between the Samothraki and Gökçeada islands, as well as in between Gökçeada and the Biga-Gelibolu
peninsulas. The strengthening of winds in the northeastern Aegean Sea between the land masses is captured in detail by
both the 1-km and the 3-km resolution solutions. The 9-km resolution also captures the strengthening, but at a weaker
level. The 27-km resolution solution cannot predict the strengthening of winds because neither the islands nor the
peninsulas are resolved accurately. Stronger winds are even incorrectly predicted at one grid point of the 27-km
resolution grid, due to the absence of the Samothraki island. Stronger winds over a large area towards the coast,
especially in-between Gökçeada and the mainland should create a larger fetch, resulting in strong waves and currents
within the ocean along the coastline and across the nearshore.

The variation of wind speed at 6 points around the Samothraki Island is shown in Figure 7. Points 1-4, shown in figure 6,
are inside the calm zone on the lee of the island, and points 5-6 are on both sides of the island where the winds are
expected to be stronger around Mt. Fengari. The strengthening of winds on the eastern side of the Island (point 6) above
21 m/s is captured similarly by all the solutions at different resolutions. The stronger winds on the western side of the
island are also predicted at all resolutions, but only the 1-km and 3-km resolution nests produce stronger wind flow
going around Mt. Fengari on the west side of the island. Winds in the calm zone weaken as we approach the island from
points 1 thru 4, which are 27, 9, 3 and 1-km away from the shoreline, respectively. The 27-km resolution product is
unable to capture the calm zone and associated weaker winds in shallower coastal waters. A calm zone with winds
approximately 12 m/s is observed in the 9-km solution, but the winds closer to the island (points 3 and 4) are not
weaker. The winds at location 4 are smallest in the 1-km solution, with magnitudes less than 3 m/s. Both the 1-km and
3-km solutions produce a gradual weakening of the winds from offshore (point 1) towards the nearshore (point 4). .
The analysis so far has shown the significance of resolving the land features and topography by using higher grid
resolution, and the possible impact of better resolving smaller scale processes. The spatial snapshots of the wind field
products provide an understanding of the spatial variability of the winds predicted by the model at an instant, using
different resolutions. Additionally, time series of wind field predictions at different spatial resolutions compared to the
measurements between November 14-27, 2008, when the strongest winds of the 7-month period were observed, are
presented in Figure 8. The model results are from the nested COAMPS simulations at 27, 9, 3 and 1-km resolution. The
stations at Akçakoca (AKC), Zonguldak (ZON), and Amasra (AMA) fall out of the 1-km resolution grid and the results for
1-km resolution at those stations are not presented in the Figure 8. 27-km winds are generally stronger and
overestimate the measurements at most of the stations. As the resolution is increased to 3-km and 1-km, the model
predictions become closer to the measurements at some of the stations, such as Çınarcık (CIN) and Gökçeada (GOK),
where the wind speeds were significantly overestimated by the 27-km and 9-km solutions. At other stations, i.e.
Kireçburnu (KIR), high resolution (3-km) winds are more accurate than the coarser resolution winds only during certain
periods of the month, while less accurate at other times. The qualitative comparison of predictions in Figure 8 show that
the increase in spatial resolution leads to a reduction in the wind speed magnitude predictions pushing them closer to
the measurements. The higher 9-km resolution results in an improvement compared to the 27-km resolution, but not a
consistent improvement at all stations. The increase of resolution from 3-km to 1-km improves the model predictions
only at a few stations, such as Çınarcık (CIN). It is important to point out that a clear advantage of enhancing the
resolution to 1-km is not observed. Small scale processes would appear as the resolution increases but they are not
always simulated due to lack of physical parameterizations for those processes. It is also possible that the higher
resolution model aliases smaller scale processes, resulting in less accuracy and higher RMSE at some locations.
The RMSE of quadruple-nested COAMPS predictions at different resolutions, at all 13 meteorological stations in the
Turkish Straits System for the entire 7-month period between September, 2008 and March, 2009, is presented in Table 3
along with the Skill Scores of 9-km and 3-km solutions compared to the 27-km solution. When the resolution is increased
to 9-km, RMSE’s are reduced for half of the stations with an overall reduction of 21% in mean RMSE. At those stations,
the increase in resolution to 3-km leads to a 27% reduction in mean RMSE. In 11 out of 13 stations, the increase in
resolution from 27-km to 3-km leads to lower RMSE’s, with an overall 25% reduction in mean RMSE for all stations.
There is an 11% decrease in mean RMSE of all stations when resolution is increased from 9-km to 3-km. The largest
decrease in error is found at Gökçeada (GOK), as also observed in Figure 8. Overall, the ratio of 27-km RMSE’s to 3-km
RMSE’s at each station varies between 0.57 and 1.98 indicating that the RMSE for the higher resolution solution might
be half the RMSE of the coarse operational resolution solution. The skill scores of the 9-km and 3-km predictions
compared to the 27-km predictions also show that increasing the resolution from 27-km to 9-km improves the model
predictions at only half of the stations, while reducing the performance and increasing the RMSE’s in the other half. The
model skill at 3-km resolution is better at most stations with a couple exceptions, i.e., Çeşme (CES) and Tekirdağ (TEK).
Furthermore, the correlations between station measurements and model results for the 27-km and 3-km winds are very

close to each other, but the coarse resolution model produces slightly better correlation at 8 of the 13 stations. Those
instances with improved correlation and increased skill score for the coarse resolution model are likely a result of the
smoother, less noisy temporal signal at the coarse resolution.
Table 3. Root mean squared errors (m/s) and Skill Scores of COAMPS predictions of hourly unfiltered winds at different resolutions
at meteorological stations in TSS during September, 2008 through March, 2009
Data type

Station

RMSE
27-km

RMSE
9-km

SS
9-km

RMSE
3-km

SS
3-km

1-Çeşme (CES)
2-Bozcaada (BOZ)
3-Çanakkale (CAN)
4-Gökçeada (GOK)
5-Kumköy (KUM)
6-Çınarcık(CIN)
7-Florya (FLO)
8-Kireçburnu (KIR)
9-Şile (SIL)
10-Akçakoca (AKC)
11-Zonguldak (ZON)
12-Amasra (AMA)
13-Tekirdağ (TEK)
REGIONAL MEAN

2.6424
2.7378
2.0483
4.3642
1.9188
3.3426
2.2195
2.5928
3.5539
2.8890
3.8900
2.3385
2.1631
2.8063

5.0172
2.8506
2.6083
3.3152
1.5971
3.3466
2.2670
2.3863
2.0351
2.7705
2.4350
2.7365
2.1604
2.7152

-0.8987
-0.0412
-0.2734
0.2404
0.1677
-0.0012
-0.0214
0.0796
0.4274
0.0410
0.3740
-0.1702
0.0013

4.6000
2.5364
2.0372
2.1970
1.6544
2.4054
2.1855
2.0805
2.8659
1.8658
1.9845
2.0978
2.9257
2.4813

-0.7408
0.0736
0.0054
0.4966
0.1378
0.2804
0.0153
0.1976
0.1936
0.0080
0.4898
0.1029
-0.3525

The RMSE and Skill Scores of the 3-km and 1-km resolution products in November, 2008 were compared separately;
errors change only slightly as the resolution is increased from 3-km to 1-km. This indicates that wind predictions start to
converge at 3-km resolution, and enhancing the resolution from 3-km to 1-km does not provide a significant advantage.
However, the increased resolution does considerably increase the required computational time to complete the
simulations. The computational time to simulate a 12-hr period on a 128 processor system increased by a factor of 10
(from 1 hr to 10 hrs for both TSS and Chesapeake Bay regions) once the 4th 1-km nest is added to the system.
While an increase in resolution from 27-km to 9-km results in differences in wind magnitude prediction of -43% (the 9km solution is more accurate) to +90% (the 27-km solution is more accurate), and an increase from 27-km to 3-km also
leads to considerable differences in the prediction of wind magnitude ranging from -49% (the 3-km solution is more
accurate) to +74% (the 27-km solution is more accurate), spatial resolution does not affect the errors in wind direction at
such a significant way. The differences between RMSE errors for the coarse and high resolution COAMPS (27-km vs. 3km) results for wind direction at all 13 stations vary only between 2-16 % in October, 2008, representative of the entire
period. It should be noted that such small errors in wind direction may possibly yield higher errors in the ocean dynamics
forced by those winds.
The impact of spatial resolution on wind direction is equally important, because wind directions as well as wind curl
introduced into the ocean models by the atmospheric forcing will strongly impact the direction and strength of ocean
currents and waves. An analysis using wind roses for the modeled 7-month time-series helps us understand the impact
of resolution on both wind direction and magnitude. Figure 9 shows the wind magnitude and direction versus the wind
measurements at the Çanakkale (CAN) meteorological station on the coast of the Dardanelles strait from September,
2008 through March, 2009. As mentioned earlier and shown in Figure 6, Çanakkale is one of those stations for which
spatial resolution has a relatively small impact on wind magnitude, in fact, the smallest Skill Score at 3-km resolution is
at Çanakkale, as shown in Table 3, indicating minimal change in RMSEs of 27-km and 3-km solutions. Results for the 1km winds are not shown in Figure 9 because they are also very close to that of the 3-km winds, as shown in Figure 8. The
dominant winds are observed to be along the strait in the SW direction for this 7-month period. Wind speed predictions
for the 27-km and 3-km grids are closer to the measurements than the predictions of the 9-km grid. Note that while the

27-km grid generally has a crude representation of the coastline, shown in Figure 9(b), the western part of the strait is
covered by a land mass, which creates additional friction leading to weaker winds closer to the measurements, than the
9-km predictions. The Dardanelles strait is wider in the 9-km grid as shown both in Figure 9(c) and in Figure 5 resulting in
less land friction and subsequent overprediction of the wind speed. This emphasizes that accurate predictions of wind
speeds in coastal areas will rely in part on accurate and realistic representation of coastline geometry.
The wind roses shown in Figure 9 indicate that spatial resolution may strongly impact wind direction at locations with
complex coastlines. The 27-km solution has a larger directional error, about 15 degrees, while the main directions
predicted by the higher resolutions of 9-km and 3-km are closer to the measured SW winds. The coastline of the
Dardanelles strait is better represented by the 3-km resolution grid as shown in Figure 9(d). As a result, wind predictions
by the 3-km resolution COAMPS are closer to the measurements at Çanakkale station (CAN) in both direction and
magnitude. Nevertheless, while model results can capture the most frequent and dominant SW winds, the less frequent
NE winds are not captured. Instead, the model predicts frequent N winds at all resolutions, not observed in the
measurements. Clearly, some of the model error must be attributed to factors other than the spatial resolution of the
model grid.
The islands in the Aegean Sea, including Gökçeada, are better resolved with the higher resolution as shown in Figures 5
and 6. Model Skill Scores in Table 3 show that increasing spatial resolution improves wind speed predictions especially at
Gökçeada (GOK). Figure 10 shows the wind roses at the Gökçeada meteorological station from September, 2008 through
March, 2009. This station is on the island and it is shown in Figure 10 that the coarse (27-km) and intermediate (9-km)
resolution grids do not resolve the island, while the fine resolution grids (3-km and 1-km) contains a land mass that
closely resembles the island. Measurements show that the dominant wind direction at Gökçeada is WSW between
September, 2008 and March, 2009. The dominant direction of wind predicted by COAMPS is generally SW for all
resolutions, with approximately a 20 degree error. The wind speed predictions by the 27-km and 9-km COAMPS reach 15
m/s in the dominant wind direction, an overestimation compared to the measurements, which are mainly below 8 m/s.
The friction created by the land mass of the island in the 3-km and 1-km resolution grids allows COAMPS to make a
better estimation of the wind speed, reducing prediction to 8 m/s as recorded by the measurements. The directionality
and the magnitudes of winds for 1-km resolution grid are similar to that of the 3-km grid as shown in Figure 10, though
the directional error in the dominant wind direction is even higher for the 1-km resolution solution, indicating a
disadvantage of enhancing the resolution from 3-km to 1-km. Again this may be attributed to the fact that the higher
resolution prediction may alias un-modeled smaller scale processes.
3.1.3. Impact of Temporal Resolution
Forecast atmospheric models typically generate products at user-defined frequencies that are determined through the
consideration of computational time, storage space, etc., which are often restricted. The output frequencies of the
operational COAMPS domain solutions, including Europe and Western Atlantic, are usually 3 or 6 hours for most
atmospheric products. Earlier studies have shown the advantage of using more frequent model products, but most
operational models still output model results at frequencies less than once an hour (Klaic et al., 2011).
The hourly output of the 3-km grid solution during the passage of a cyclogenesis event over the Marmara Sea on the
22nd of November, 2008 is shown in Figure 11 (a), (b), (c), (d), (e), and (f) for hours 5, 6, 7, 8, 9, and 10, respectively. The
wind strength exceeds 18 m/s over the Marmara and Black Seas in the first 3 hours (top row, Figure 11) but weakens to
around 12 m/s in the successive 3 hours (bottom row, Figure 11).
Two successive model output fields would be interpolated to create atmospheric forcing for an ocean circulation model
having much higher computational time steps. If 3-hrly operational winds are used, forecasts for hours 6 and 9, in the
middle of each row in Figure 11, would be used to create the atmospheric forcing from operational products since
output at other times (hrs 5,7,8,10) would not be available. Figure 12 shows the hourly COAMPS model predictions at

07:00 and 08:00 on November 22, 2008 versus interpolated fields at those same times using the 3-hrly records of hours
06:00 and 09:00. The winds are weaker in the interpolated fields (top row, Figure 12) as compared to the hourly model
output for hours 7 and 8 (bottom row, Figure 12). The winds in the eastern half of the Marmara Sea are stronger than 15
m/s in the COAMPS output for hour 8 (bottom-right, Figure 12) while the interpolated wind field (top-right, Figure 12) is
weaker over the Marmara Sea. The wind front, the location with the strongest winds, creates a sharp gradient in wind
direction on a SW-NE axis in the middle of the Marmara Sea in the COAMPS output for hour 7, as shown in bottom left
of Figure 12. In fact, the front is almost aligned with the axis of Bosphorus strait at that time. This could potentially
create a blocking of the ocean surface flow in the strait once the atmospheric forcing is applied to the surface of an
ocean model. If the wind field for that hour is interpolated from 3-hrly COAMPS results (top-left, Figure 12), the front is
located along an incorrect axis. The front is no longer oriented in the middle of the Marmara Sea aligned with the
Bosphorus strait, but is closer to the northwestern shore of the Marmara Sea and instead aligned with the Dardanelles
strait, which actually is supposed to be the location of the front 3 hours later at hour 9, as shown in Figure 11. The
interpolated wind field for hour 8 (top right, Figure 12) does not introduce the sharp front predicted by the model for
that time (bottom right, Figure 12). Instead, the interpolation creates two weaker fronts in the Black Sea matching both
of its locations of hourly predictions at hours 6 and 9, shown in the middle column of Figure 11. The differences in the
wind fields especially over both straits and the Marmara Sea would possibly force an ocean circulation model to predict
different circulation patterns and flow directions in the straits. These results show that for capturing fast-moving,
meteorological events such as fronts and storms, even 3-hrly output frequency may not be sufficient.
3.2. APPLICATION ON CHESAPEAKE BAY AREA
A second coastal region for the application of COAMPS is considered to determine if the relationships between
resolution and wind prediction accuracy observed for the TSS region would carry over to a geographically different area.
In this section, we study the impact of increasing the spatial and temporal resolution on the wind predictions across the
Chesapeake Bay area. A quadruple-nested COAMPS simulation is used for simulating the period of June, 2010 ,and a
triple-nested simulation is conducted for a longer 6-month period starting from June, 2010.
3.2.1 Impact of Spatial Resolution
Figure 13 shows the station locations along with the coastline with respect to each computational grid. Clear differences
between the atmospheric model grid representations of the region (27, 9, 3, and 1-km) may be observed. The number of
computational points inside the Chesapeake Bay is on the order of 10s, 100s, 1000s, and more for the 27, 9, 3, and 1-km
grids, respectively. It may be seen in Figure 13 that the coastline of the 3-km grid is very similar to that of the 1-km grid.
The root mean square errors of hourly wind speed predictions from COAMPS at the station locations for a 6-month
period are provided in Table 4. The measurement stations are grouped such that stations 1-4 are at and outside the
mouth of Chesapeake Bay, stations 5-8 are in shallower waters west of the Bay mouth closer to the James River, stations
9-12 are just north of the Chesapeake Bay entrance, and stations 13-16 are farther north in Chesapeake Bay. The effect
of resolution is small for a significant number of stations including those in the shallow waters west of the Chesapeake
Bay entrance in the second group. While some of the stations are found on land in the 27-km grid, they are in shallow
waters on grids with higher resolution, as shown in Figure 13. Similar to the results for the Turkish Straits System, errors
for the coarse 27-km resolution are higher in the Chesapeake Bay area. Unlike the findings of TSS, the winds are
underpredicted by the 27-km coarse resolution at Chesapeake Bay area. The poor representation of the shoreline by the
27-km grid results in more land area, leading to higher frictional resistance and, thus, lower wind magnitudes; recall that
27-km winds over the TSS were overpredicted.
At most of the station locations, the RMSE for wind speed predictions decrease for the higher resolution (9-km and 3km) solutions over those produced by the low resolution (27-km) solution. Skill Score (SS) for the 9-km and 3-km nests
compared to the 27-km solution are slightly greater than 0 for most stations (shown in Table 4). The highest

improvement in wind predictions are observed at stations west of the Bay located on tributaries surrounded by land.
These tributaries are better resolved with increasing resolution as shown in Figure 13. The level of error reduction varies
from station to station with a maximum decrease at the Dominion Terminal Station of 12% and 18% as resolution
decreases from 27-km to 9-km and 9-km to 3-km, respectively. Similar to TSS, the increase in resolution has a negative
effect at some of the stations. This variability in skill is likely due to details in local representation of the land-sea
interface by each grid and its relation to wind direction as proposed by Blain et al. (2012). All of the stations exhibiting
increased error are in coastal waters very close to land where wind direction is also expected to strongly affect model
predictions. As shown by the analyses for the Turkish Straits System, winds are affected by blocking, friction, and
channeling and their accuracy is tied to the fidelity of the land-sea interface representation by the atmospheric model
grid. Chesapeake Bay has a very convoluted coastline with many tributaries making it difficult to correctly resolve the
land-sea interface at low spatial resolutions. June, 2010 was a month with frequent meteorological events, such as
multiple fronts passing over the Chesapeake Bay area (see Figure 14). Thus, the sensitivity of the wind predictions to
such land-sea interface effects is expected to be higher.
The Skill Score of the 3-km solution for Chesapeake Bay is not as high as it was found for the TSS. This may be due to the
fact that peak wind events are more frequent in the Chesapeake Bay dataset, and the slightest lag in predicting such
peak winds may cause large errors. Therefore, model-data correlation in Chesapeake Bay area provides a measure of
timing accuracy for capturing these peak events. The correlation coefficients between hourly unfiltered wind
predictions by COAMPS at the 3 spatial resolutions and the hourly unfiltered measurements are also shown in Table 4.
The model predictions at all resolutions introduce a lag in predicting peak winds, resulting in an overall low correlation
by all model solutions. Nevertheless, the correlation between the model predicted winds and the measurements are
reduced at most station locations as the spatial resolution increases from 27-km to 3-km. The variability of the error
with station and lower correlation as the resolution increases may be attributed to a temporally smooth, coarse
resolution solution (leading to higher correlation), and to the high resolution solution (3-km) having more temporal
variability, potentially reducing correlation at some stations, while enhancing the correlation at others.
Figure 14 shows wind stresses calculated from the wind measurements at the Chesapeake Bay Bridge Tunnel (CBBT)
station compared to the model predictions by the 27-km, 9-km, 3-km, and 1-km resolution COAMPS products, bilinearly
interpolated on the station coordinates. The 27-km model solution clearly underpredicts the measured winds at CBBT,
as with the 9-km solution. Performances of 3-km and 1-km resolution grids look similar to one another. Peak wind
speeds associated with storm fronts are predicted better by both solutions but the 3-km solution does a better job with
respect to timing as well as the strength of the peaks. There is a clear lag in the peak winds for the 1-km solution. The
timing of peak winds is crucial for capturing frontal passages which may have a large impact on the underlying ocean
response. Regarding both the timing and magnitude of peak storm front winds, there is seemingly a disadvantage of
using 1-km winds over 3-km winds.
Measurements and predictions of winds by the 27, 9 and 3-km resolutions at the Dominion Terminal station in June,
2010 are shown in Figure 15. The coastline is crudely configured in the 27-km COAMPS simulation (Figure 15b). Wind
strength increases as the spatial resolution increases, while wind direction remains relatively unchanged with resolution
in Figure 15. The measured winds are dominantly in the E-NE direction and peak at 10-15 m/s, while the dominant
modeled wind direction is NE with peaks around 6, 8 and 10 m/s for the 27-km, 9-km and 3-km resolution solutions,
respectively. Results for other stations (not presented) in the Chesapeake Bay area follow a similar pattern with regard
to the effects of spatial resolution. Similar to TSS findings, wind direction predictions generally do not change
significantly from one resolution to another, while wind speed predictions strengthen and better match the
measurements for increasing resolution. The error for wind direction predictions by the 1-km resolution (not presented
here) is higher than those of the 3-km resolution, just as observed for the Turkish Straits System.

Table 4. Statistics of COAMPS predictions for hourly unfiltered winds at 3 spatial resolutions
at meteorological stations in Chesapeake Bay Area
Data type

Station

1-Oregon Inlet Marina, NC
2-Duck, NC
3- Cape Henry, VA
4-Chesapeake Bay Bridge Tunnel, VA
5-Dominion Terminal Associates, VA
6-Willoughby Degaussing Station, VA
7-South Craney Island, VA
8-Money Point, VA
9-Yorktown USCG Training Center, VA
10-York River East Rear Range Light, VA
11-Rappahannock Light, VA
12-Kiptopeke, VA
13-Piney Point, MD
14-Bishops Head, MD
15-Cove Point LNG Pier, MD
16-Tolchester Beach, MD
REGIONAL MEAN

27-km
COAMPS
RMSE
2.802
3.024
2.719
2.780
3.380
2.780
3.555
3.555
3.459
2.759
2.753
2.764
3.342
3.352
3.032
3.185
3.078

R2
0.373
0.340
0.389
0.450
0.393
0.450
0.381
0.381
0.377
0.415
0.439
0.420
0.353
0.276
0.318
0.218
0.373

9-km COAMPS
RMSE
2.822
2.940
2.693
2.741
2.966
2.903
3.500
3.566
3.372
2.758
2.693
2.752
2.966
2.954
2.941
3.243
2.988

SS
-0.0071
0.0278
0.0096
0.0140
0.1225
-0.0442
0.0155
-0.0031
0.0252
0.0004
0.0218
0.0043
0.1125
0.1187
0.0300
-0.0182

3-km COAMPS

R2
RMSE
0.355 2.840
0.291 2.871
0.405 2.990
0.406 2.698
0.375 2.765
0.410 2.748
0.303 3.544
0.298 3.477
0.380 3.076
0.358 2.834
0.437 2.696
0.385 2.675
0.342 2.812
0.280 2.884
0.322 2.923
0.230 3.004
0.349 2.927

SS
-0.0136
0.0506
-0.0997
0.0295
0.1820
0.0115
0.0031
0.0219
0.1107
-0.0272
0.0207
0.0322
0.1586
0.1396
0.0359
0.0568

R2
0.352
0.292
0.399
0.378
0.360
0.404
0.255
0.278
0.387
0.339
0.445
0.413
0.322
0.296
0.309
0.248
0.342

The RMSE values given in Table 4 indicate that an increase in resolution does not yield a significant decrease in model
error in June, 2010 for most stations. Skill Score for 3-km resolution configuration is low at most stations. Therefore, we
conducted an additional analysis to understand the impact of spatial resolution. A coherence analysis, sometimes called
the coherence-squared analysis, is also used to examine the relation between the measurement signal and the
prediction signal (Emery and Thompson, 2001). This analysis indicated that the increase in resolution improves
predictability of the wind at certain frequencies even if the overall model error is not reduced. Both high resolution and
coarse resolution model solutions present high coherence at the lowest frequencies, while the high resolution solution
generally produces higher coherence at the highest frequencies as well. It is difficult to say whether high resolution or
coarse resolution model predictions are more coherent with the measurements for the middle range frequencies.
However, an increase in resolution enhances the coherence for events at the diurnal and semidiurnal frequencies for
stations CBBT and South Craney. The coherence spectrum of all stations showed higher coherence at the diurnal
frequency due to an increase in resolution at most stations. Such improvements in the atmospheric forcing might be
crucial for representing diurnal interactions in the underlying ocean that is already subject to a diurnal tidal response.
3.2.2 Impact of Temporal Resolution
Temporal resolution is critically important for capturing the passage of storm events as shown for the Turkish Straits
System in section 3.1. Figure 16 shows an example of a period with two storm fronts passing over the Chesapeake Bay
from north to south. Hourly model predictions clearly show the passage of the front over the area just west of the
entrance of the Bay, with the winds shown in Figure 16 (b) reaching up to 12 m/s. If 3-hrly wind products are used to
create atmospheric forcing for ocean models, typical for many operational atmospheric models, the wind fields of hours
1 and 4 would be interpolated to obtain the wind fields for hours 2 and 3. In that case, the area just west of the entrance
of the Bay will have winds below 6 m/s for all 4 hours. Winds are above 12 m/s north of 37.5N for hours 4, 5 and 6 as
shown in Figure 16 (d), (e) and (f). Similarly, when 3-hrly output is used to create atmospheric forcing for hours 3 to 6

inclusive, records from hours 3 and 6 in Figure 16 (c) and (f) are interpolated to create the atmospheric forcing fields.
This interpolation results in wind magnitudes of 8 m/s near 37.5 N, obtained from an average of 4 m/s observed in hour
3 and 12 m/s observed in hour 6. The average value of 8 m/s is significantly less than the wind magnitudes computed at
hourly frequencies, resulting in an underestimated wind field containing a weakened front. Even using hourly outputs as
forcing to coastal ocean model might not be sufficient to capture faster moving events. A real-time coupling with twoway interaction may circumvent those issues by exchanging forcing every time step.

4. SUMMARY and CONCLUSION
We examined the impact of both spatial and temporal resolution of the COAMPS atmospheric products, on wind
predictions used to create atmospheric forcing for ocean models. We considered the diverse and complex coastal
waters of the Turkish Straits System and the Chesapeake Bay as our study areas. While these two coastal regions do not
necessarily span the range of possible coastal environments, they offer different perspectives due to their differing
dynamics and terrain. Furthermore, each region had wind observations available for comparison. In concurrence with
earlier studies, our evaluation of the coarsest 27-km resolution winds, the resolution of the operational COAMPS
predictions, over the Turkish Straits System shows that 27-km is sufficient only to successfully capture the low-frequency
wind variation, but fails to deliver accurate wind speed predictions. The RMS errors are higher for the winter months,
dominated by stronger winds, than for the late autumn and early spring months. We found that error in the coarse
resolution product is region-dependent, such that the winds were overestimated for the TSS, while being
underestimated in Chesapeake Bay by the 27-km resolution predictions.
The impact of increasing the resolution on atmospheric forcing products is studied by using a quadruple-nested version
of COAMPS, configured to solve the atmospheric fields at resolutions of 27, 9, 3 and 1-km, consecutively. Differences in
resolutions translated into differences in coastline representations until 3-km resolution after which a convergence in
coastline representation is observed for both study areas. Resolution differences in the land-sea interface particularly
affect regions characterized by complex geometry, such as in and around the narrow straits and islands of the Turkish
Straits System, and the narrow channels and tributaries of the Chesapeake Bay. We found that the differences in
coastline representations greatly affect the frictional resistance experienced by the wind field, the blocking of the winds
by the islands on the mainland, and possibly the fetch size of the winds for wave generation.
We showed that poor representation of coastlines in atmospheric models is a significant source of error. Modeled winds
are far worse at locations where coarser 9-km grids, and especially the 27-km operational model grid, are incapable of
resolving the land features realistically. Higher spatial resolution for both coastal regions improved wind magnitude
predictions, especially at those stations where resolution changes result in drastically different coastline
representations. Wind magnitudes are largely dependent on friction, and the level of frictional resistance experienced
by winds moving over land and sea are quite different. Wind direction was found to be less sensitive to differences in
spatial resolution, except when direction correlated to land-sea interface differences. We found that the temporal
correlation coefficients for predictions produced by coarse resolution models were generally higher than those
produced by high resolution models, which is in agreement with earlier studies. However, the higher resolution models
are better in capturing spatial variability and strong peak wind events. For that reason, the use of high spatial resolution
winds in creating atmospheric forcing is recommended to achieve a higher fidelity of the winds. This is particularly
important if winds are to be applied to high resolution coastal ocean model forecasts. However, for the two study areas,
we found that the enhancement of resolution beyond a certain point does not achieve new benefits. In fact, increasing
the resolution beyond a certain limit might actually be aliasing un-modeled physics. For both the Turkish Straits System
and the Chesapeake Bay area, the 3-km resolution results were found to provide the most accurate wind fields. The
computational costs and increase in error rendered the 1-km resolution winds less desirable, particularly if one has in

mind to use these atmospheric predictions for application to coastal ocean models. Analysis showed that wind fields
starts to converge at 3-km resolution which may be considered sufficient and optimal for creating atmospheric forcing
for ocean models. For the two regions studied, there is no clear advantage of increasing the resolution to 1-km.
Wind fields produced at different spatial resolutions indicated that the coarse resolution solution resembles the highresolution solution in open waters, but cannot resolve small-scale features and shows stronger winds in the dominant
wind direction in the lee of islands, peninsulas and in coastal waters. Better resolution of islands and smaller scale land
features by the high resolution model grids resulted in improved predictions of winds by proper representation of the
blocking and/or friction. The model error decreases with an increase in resolution at most station locations, regardless
of the domain of application. Spectral analysis of the products for both Turkish Straits System and the Chesapeake Bay
area revealed that higher resolution models yielded the highest coherence with measurements at diurnal frequencies.
The impact of temporal resolution is also crucial for accurate wind predictions. We showed that producing 3-hrly model
products fail to adequately describe fast moving events, since linear interpolations underestimate strong storm winds
and misrepresent the location of a storm front. Daily operational products for both Europe and US East Coast are
produced at a 3-hour frequency. When used as forcing for a coastal ocean model, the temporal resolution of the
atmospheric model itself can be a major source of error, especially when simulating intense periods with major storm
events passing over the domains. The importance of temporal resolution on wind field predictions, as shown here,
encourages the use of at least hourly winds.
The atmospheric forcing is an important driving force for coastal ocean dynamics. As such its accuracy is tied explicably
to the accuracy of ocean forecasts. Prior studies have indicated that atmospheric model products are one of the main
sources of error for coastal ocean models. Accurate wind predictions are crucial for improved ocean model predictions,
particularly in shallow coastal waters. The impact of spatial and temporal resolution of an atmospheric model, COAMPS,
on wind predictions in coastal areas have been studied in detail to emphasize the necessity of producing high-resolution
wind fields in order to enhance the accuracy of atmospheric forcing products, especially in coastal waters. Results from
this study indicate that atmospheric wind products of 3-km resolution produced at hourly intervals will minimize errors
associated with applied atmospheric wind fields, and likely, will improve the predictability in coastal ocean regions. Even
the relationship between resolution and wind prediction accuracy should be considered as region-dependent according
to the findings of this study, further studies can be done using very similar geographies (i.e. straits similar to Turkish
straits or estuaries similar to Chesapeake Bay) to refine the relationships between resolution and wind prediction.
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Figure captions

Figure 1. The triple nested COAMPS system configured for the (a) Turkish Straits System and (b) Chesapeake Bay
area. The parent grid (27-km, white), intermediate grids (9-km, yellow, 3-km, orange) and child grid (1-km, black)
boundaries are shown.
Figure 2. The meteorological station locations around the Marmara Sea and Turkish Straits in the Turkish Straits
System.
Figure 3. The meteorological station locations around the Chesapeake Bay (red crosses) on top of a predicted wind
field over coastal ocean in June 2010.
Figure 4. Time series of the 27-km resolution operational COAMPS-Europe2 predictions (filtered) compared to the
filtered measurements collected from meteorological stations around the Marmara Sea in November 2008.
Figure 5. Wind field magnitude (color) and direction (arrows) of the 27, 9, 3 and 1-km resolution quadruple nested
COAMPS over the Turkish Straits System on 0Z November 22, 2008.
Figure 6. Wind field magnitude (color) and direction (arrows) of the 27, 9, 3 and 1-km resolution quadruple nested
COAMPS over the Northeastern Aegean Sea on 0Z November 22, 2008. The islands are Samothraki, Gökçeada and
Lemnos from North to South, respectively.
Figure 7. Wind speeds predicted around the island of Samothraki in the Northern Aegean Sea by the 27, 9, 3 and 1km resolution quadruple nested COAMPS on 0Z November 22, 2008.
Figure 8. Time series of the 27, 9, 3 and 1-km resolution COAMPS predictions compared to the filtered
measurements collected from meteorological stations around the Marmara Sea in November 2008.
Figure 9. The winds (a) measured at the Çanakkale (CAN) meteorological station and predicted by COAMPS at the
same location at resolutions of (b) 27-km, (c) 9-km and (d) 3-km between September 2008 and March 2009.
Figure 10. The winds predicted by COAMPS at the Gökçeada (GOK) meteorological station at resolutions of (a) 27km, (b) 9-km, (c) 3-km, (d) 1-km, and (e) measured at same station between September 2008 and March 2009.
nd

Figure 11. Hourly wind field predictions of 3-km resolution COAMPS over the Turkish Straits System on 22 of
November 2008, (a) hour 5, (b) hour 6, (c) hour 7, (d) hour 8, (e) hour 9, and (f) hour 10.
Figure 12. The wind fields interpolated from 3-hrly COAMPS results (top row) versus the hourly COAMPS results
nd
(bottom row) for hour 7 (left column) and hour 8 (right column) on November 22 , 2008.
Figure 13. The meteorological station locations around the Chesapeake Bay (red crosses) on the wind speed
predictions (m/s) in June 2010 using a grid with a resolution of (a) 27-km, (b) 9-km, (c) 3-km and (d) 1-km.
Figure 14. Time series of the 27, 9, 3 and 1-km resolution COAMPS predictions compared to the filtered
measurements collected from meteorological station at Chesapeake Bay Bridge Tunnel in June 2010.
Figure 15. The winds (a) measured at the Willoughby meteorological station and predicted by COAMPS at the
same location at different resolutions of (b) 27-km, (c) 9-km and (c) 3-km in June 2010.
Figure 16. Hourly wind field predictions of 3-km resolution COAMPS over the Chesapeake Bay in June 2010. (a)
th
hour 1, (b) hour 2, (c) hour 3, (d) hour 4, (e) hour 5, and (f) hour 6 on June 7 2010.
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